Antibody and T cell receptor genes are assembled from gene segments by V(D)J recombination to produce an almost infinitely diverse repertoire of antigen specificities. Recombination is initiated by cleavage of conserved recombination signal sequences (RSS) by RAG1 and RAG2 during lymphocyte development. Recent evidence demonstrates that recombination can occur at non-canonical RSS sites within immunoglobulin (Ig) genes or at other loci, outside the context of normal lymphocyte receptor gene rearrangement. We have characterized the ability of the RAG proteins to bind and cleave a cryptic RSS (cRSS) located within an Ig V H gene segment. The RAG proteins bound with sequence specificity to either the consensus RSS or the cRSS. The RAG proteins nick the cRSS on both the top and bottom strands, thereby bypassing the formation of the DNA hairpin intermediate observed in RAG cleavage of canonical RSS substrates. We propose that the RAG proteins may utilize an alternative mechanism for double-stranded DNA cleavage depending on the substrate sequence. These results have implications for further diversification of the antigen receptor repertoire, as well as the role of the RAG proteins in genomic instability.
Antibody and T cell receptor genes are assembled from gene segments by V(D)J recombination to produce an almost infinitely diverse repertoire of antigen specificities. Recombination is initiated by cleavage of conserved recombination signal sequences (RSS) by RAG1 and RAG2 during lymphocyte development. Recent evidence demonstrates that recombination can occur at non-canonical RSS sites within immunoglobulin (Ig) genes or at other loci, outside the context of normal lymphocyte receptor gene rearrangement. We have characterized the ability of the RAG proteins to bind and cleave a cryptic RSS (cRSS) located within an Ig V H gene segment. The RAG proteins bound with sequence specificity to either the consensus RSS or the cRSS. The RAG proteins nick the cRSS on both the top and bottom strands, thereby bypassing the formation of the DNA hairpin intermediate observed in RAG cleavage of canonical RSS substrates. We propose that the RAG proteins may utilize an alternative mechanism for double-stranded DNA cleavage depending on the substrate sequence. These results have implications for further diversification of the antigen receptor repertoire, as well as the role of the RAG proteins in genomic instability.
The primary repertoire of antigen-binding receptors is produced by V(D)J recombination during lymphocyte development (1) (2) (3) (4) . Functional immunoglobulin (Ig) and T cell receptor genes are initially generated by recombination in the bone marrow and thymus, respectively, by assembly of component V (variable), J (joining), and sometimes D (diversity) gene segments (5) . In addition to V(D)J recombination, the Ig repertoire is further expanded by somatic hypermutation in germinal centers (GC) of peripheral lymphoid organs, where Ig class switching and B cell maturation to plasma and memory cells also occurs (6) . Together, these mechanisms produce the almost infinite variety of Ig specificities required to recognize all possible antigens the organism may encounter.
Site-specific DNA cleavage in the V(D)J process is catalyzed by the recombination activating proteins, RAG1 and RAG2 (3, 4) . The site specificity of the DNA cleavage reaction is governed by the recombination signal sequence (RSS) that flanks each of the V, D, and J gene segments. The RSS contains conserved heptamer and nonamer sequences separated by 12±1 or 23±1 poorly conserved base pairs, referred to as the 12-RSS and 23-RSS, respectively. After DNA cleavage, the gene segments are joined by factors that mediate DNA repair via the non-homologous end-joining (NHEJ) pathway. Efficient V(D)J recombination between two gene segments requires that each are flanked by RSS of differing spacer length, a restriction referred to as the 12/23 rule (3, 4) .
The RAG proteins together produce DNA double strand breaks (DSB) between the RSS heptamer and the flanking coding sequence via two concerted steps (7) . First, the RAG proteins form a single-stranded nick 5' to the RSS heptamer. In the second step, the RAG proteins mediate transesterification of the newly formed 3'OH with the phosphate group directly opposite on the complementary strand. Overall, RAGcatalyzed DNA DSB yields coding sequences terminated by covalently sealed hairpins (coding ends) and blunt-ended breaks terminated at RSS heptamers (signal ends). The 12/23 rule is enforced at formation of the coding end hairpins, as transesterification preferentially occurs in the context of the synaptic complex, which consists of the RAG proteins bound to both a 12-RSS and a 23-RSS (8, 9) . In contrast, the nicking reaction may occur with RAG proteins bound to a single 12-or 23-RSS. Enforcement of the 12/23 rule at the hairpin formation step ensures that production of DSB occurs at correct sequences, thereby reducing the possibility of cleavage at incorrect sites.
In addition to their role in formation of the primary repertoire of Ig genes, the RAG proteins also mediate secondary recombination events on Ig gene loci that have been previously rearranged. Immature B cells that have defective or selfreactive B cell receptors must be removed from the repertoire. This may occur by deletion of the cell, or by a secondary recombination event, referred to as receptor editing (10, 11) . In this case, the RAG proteins generate a de novo rearrangement of Ig genes (generally the light chain genes), which yields a modification of the Ig receptor specificity, and thus mediates tolerance.
Secondary rearrangements at the Ig heavy chain (Ig H ) locus were believed to be unlikely due to the deletion of the remaining D segments after the primary recombination event. However, several reports indicate that secondary rearrangements can occur at this locus, and are thought to require the use of cRSS elements embedded within the V H genes. For example, a cRSS that is conserved at the 3' end of all V H gene segments has been proposed to govern RAGmediated receptor editing, in which an entire V H gene segment replaces a portion of the rearranged V H gene resulting in the addition of several nucleotides at the V-DJ border (12). To accomplish complete V H gene replacement, it has been proposed that the RAG proteins create DSB at both the cRSS and the conventional RSS flanking the replacing V H gene segment. Consistent with this proposal, recent studies demonstrated that in in vitro DNA cleavage assays the RAG proteins create DSB at the cRSS combined with either a 12-or 23-RSS via the standard nick-hairpin mechanism (13) . Thus, the RAG proteins can presumably bind to both the cRSS and the conventional 12-or 23-RSS in a synaptic complex.
Additional secondary rearrangement events have been proposed to occur in mature, peripheral B cells in a process referred to as receptor revision (14) . Evidence for novel receptor revision events at the Ig H locus have been reported in peripheral human B cells, which include tonsillar B cells (15) , in the synovium of rheumatoid arthritis patients (16) , in NOD/SCID mice reconstituted with human cord blood mononuclear cells (17) , and in certain B cell lymphomas (18, 19) . In these studies it was found that the 5' portion of a rearranged V H gene was replaced with the homologous portion of another V H gene segment to form a hybrid antibody gene. In human tonsillar B cells, somatically hypermutated and rearranged V H 4-34 gene segments apparently recombined with other members of the V H 4 family such that the original CDR3, formed by primary V(D)J rearrangement, was conserved (15) . The most frequently identified "donor" sequences were rearranged V H 4-34 alleles, with recipient sequences derived from V H 4-39 and V H 4-61 gene segments. Due to the high degree of sequence similarity between V H gene segments, particularly those of the same family, it is impossible to determine the exact breakpoint at which hybrid formation occurred. However, inspection of the sequences revealed that each hybrid had been formed in close proximity to a cRSS leading to the hypothesis that these secondary recombination events were mediated by RAG1 and RAG2 (15) . Despite the compelling evidence for RAG-mediated receptor revision, the re-expression of the RAG proteins in GC B cells in humans remains controversial by on February 6, 2008 www.jbc.org (20, 21) , and alternative mechanisms based on the induction of homologous recombination following cleavage by activation-induced cytidine deaminase (AID) has been proposed (22) . However, a recent report identified hybrid Ig H genes in B cells of human B cell reconstituted NOD/SCID mice, indicating that such events can occur independently from the GC (17), thus an exclusive role for AID is unlikely.
To ascertain if the reported V H gene replacements are RAG-mediated, we tested the activity of the RAG proteins on a cRSS (located 3' to CDR2 of V H 4-34), which is closely similar to the consensus 12-RSS. While the RAG proteins could efficiently perform double-stranded cleavage at the cRSS, it did not occur via a mechanism consistent with V(D)J recombination. Rather, the cleavage occurred by a process that would bypass the requirement for the 12/23 rule. In addition, the resulting cleavage products would be viable substrates for either NHEJ or homologous recombination repair (HRR), which particularly in the latter case could lead to the hybrid Ig H genes that have been observed in peripheral human B cells.
EXPERIMENTAL PROCEDURES
Protein expression and purification -Purified RAG1 and RAG2 proteins consisted of the core regions, which are the minimal regions required for DNA recombination activity (3, 4) . MBP-core RAG1 (residues 384-1008 of the full-length RAG1 protein fused to maltose binding protein) was expressed in Escherichia coli and purified as previously described (23) . Briefly, the cells were disrupted by sonication, and protein purified by affinity chromatography using amylose resin, followed by ion exchange chromatography through a Q-Sepharose fast flow column. In the final purification step the fusion protein was chromatographed through a Superdex 200 gel filtration column. The protein was judged to be >95% pure by Coomassie blue staining of SDS-PAGE gels. The concentration of the purified protein was determined by UV absorbance at 280 nm using an extinction coefficient of 129.5 mM GST-core RAG2 consisted of residues 1-387 of the full-length RAG2 protein fused to glutathione S-transferase. GST-core RAG2, either alone or co-expressed with MBP-core RAG1, was transiently expressed and purified from 293T cells as previously described (24) . Briefly, after cell lysis the fusion proteins were bound to glutathione-linked agarose resin, followed by extensive washing, then released from the resin with purification buffer containing 20 mM reduced glutathione. Mammalian-expressed proteins were judged to be >90% pure by Coomassie blue staining of SDS-PAGE gels. Protein concentrations were determined by Western blotting using monoclonal anti-GST or anti-MBP antibodies where appropriate. Standard curves were constructed using known concentrations of GST or MBP proteins, which were subjected to SDS-PAGE on the same gel as the respective GST- P] ATP using T4 polynucleotide kinase. To generate nicked substrates, two separate oligonucleotides were synthesized that corresponded to the sequence 5' and 3' to the nick site, respectively. The oligonucleotides were annealed to the full-length complement. For example, to construct the duplex containing the nick 5' to the heptamer in the consensus 12-RSS, two oligonucleotides, one containing bases 1-16 and the other bases 17-53 of the top strand were annealed with the 12-RSS bottom strand oligonucleotide. In each experiment, the oligonucleotide 3' to the nick was phosphorylated at the 5' end using nonradiolabeled ATP. In addition, prior to annealing, either the oligonucleotide 5' to the nick or fulllength complement were labeled at the 5' end with [gamma-32 P] ATP using T4 polynucleotide kinase. To anneal substrate duplexes, the appropriate oligonucleotides were combined at equimolar ratios, heated to 95 o C, and the mixture slowly cooled to ambient temperature. The nicked V H 4-34 con-hep cRSS substrate was identical to the WT V H 4-34 cRSS sequence, except that the cryptic heptamer (CACCATA) was replaced with the consensus heptamer (CACAGTG). Likewise, in the nicked V H 4-34 con-non cRSS sequence, the cryptic nonamer (CCAAGAACC) was replaced with the consensus nonamer (ACAAAAACC). Single RSS Substrate DNA Cleavage Assays Analyzed by Denaturing Polyacrylamide GelsSingle RSS (or cRSS) DNA cleavage assays were performed with buffer containing 5 mM MnCl 2 , 5% glycerol, 50 mM NaCl, 0.1 mg/ml BSA, and 20 mM Na-HEPES, pH 7.5. MBP-core RAG1 and GST-core RAG2 were mixed with 1 nM 32 Plabeled duplex substrate and incubated for the time indicated at 37 o C. In the experiments with the fusion proteins expressed separately, MBP-core RAG1 was incubated with GST-core RAG2 for 15 minutes at 4 o C prior to addition to DNA substrate. Reactions were stopped by addition of an equal volume of formamide gel loading buffer and heating at 95 o C for 5 minutes. The cleavage products were separated on 8% denaturing polyacrylamide gels. The gels were analyzed by autoradiography and phosphorimaging using a Molecular Dynamics SI phosphorimager. Where indicated, bands were quantitated using the program ImageJ. DNA Cleavage Assays Analyzed by Nondenaturing Polyacrylamide Gels -DNA cleavage assays analyzed by non-denaturing polyacrylamide gels were performed as described in the previous section with the following exceptions. The RAG proteins were incubated with 1 nM radiolabeled oligonucleotide duplex for 2 hours at 37 o C. Subsequently, EDTA and sodium dodecyl sulfate were added to each sample to final concentrations of 7.5 mM and 0.4%, respectively. The cleavage products were separated on 6% non-denaturing polyacrylamide gels. DNA coupled-cleavage assays -DNA coupledcleavage assays were performed as described in the section titled "Single RSS substrate DNA cleavage assays…" with the following exceptions. The reactions were performed in 5 mM MgCl 2 , 5% glycerol, 0.1 M NaCl, and 10 mM Tris-HCl, pH 8.0. MBP-core RAG1 and GST-core RAG2 were incubated with unlabeled consensus 12-RSS or V H 4-34 cRSS for 30 min at 4 o C, followed by incubation with 10 nM 32 P-labeled 23-RSS duplex substrate for 1 hr at 37 o C. Measurement of Protein-DNA InteractionsElectrophoretic mobility shift assays (EMSA) demonstrating binding of the RAG proteins to consensus 12-RSS and V H 4-34 cRSS substrates were performed as previously described (25) . EMSA samples were subjected to electrophoresis on discontinuous, non-denaturing gels of 3.5/8% polyacrylamide, and analyzed by autoradiography and phosphorimaging using a Molecular Dynamics SI phosphorimager. Bands were quantitated using the program ImageJ. Specificity of Protein-DNA Interactions -The buffer used in the competition assays was the same as for the protein-DNA interaction assays (25) . Competition assays were accomplished by adding MBP-core RAG1 and GST-core RAG2 proteins to a mixture of 1 nM 32 P-labeled V H 4-34 cRSS duplex with increasing concentrations of unlabeled competitor DNA (5 nM to 10 nM), which was either the V H 4-34 cRSS or MHMN 12-RSS oligonucleotide duplex.
RESULTS
Several cRSS have been implicated in partial V H gene replacement (Supplemental Figure  1) . In these cases, the replacement resulted in a portion of the V H gene replacing the homologous region in the rearranged V-DJ gene to create a hybrid Ig H gene ( Figure 1A ). As one of the more commonly observed hybrid joints occurred at a cRSS with a sequence closely similar to the consensus 12-RSS ( Figure 1B ), this event was proposed to be RAG-mediated (15) . To test this proposal, we have examined the action of the RAG proteins on this cRSS, which we refer to as V H 4-34 cRSS.
Binding of the RAG Proteins to V H 4-34 cRSS versus Consensus 12-RSS
To confirm that the RAG proteins could bind the V H 4-34 cRSS, electrophoretic mobility shift assays (EMSA) were used ( Figure 2 ). RAG1/RAG2 complexes bound to both the consensus 12-RSS ( Figure 2A , lanes 4-5) and the V H 4-34 cRSS (lanes 9-10) substrates. At the protein concentrations used, the RAG proteins shifted ~50% less of the latter substrate, corresponding to a decreased binding affinity of 2 to 3-fold to the V H 4-34 cRSS compared to the consensus 12-RSS substrate. Protein-DNA complexes were formed inefficiently with RAG1 alone (lanes 2 and 7), requiring prolonged exposure for detection (data not shown). As expected, in the absence of RAG1, there is no detectable complex formed between RAG2 and either DNA substrate (Lanes 3 and 8) even with longer exposure times (data not shown). The addition of increasing concentrations of RAG2 produced substantial interaction of the RAG proteins together to both the consensus 12-RSS (lanes 4-5) and the V H 4-34 cRSS (lanes 9-10). These results are consistent with previous reports that RAG2 enhances the affinity of RAG1 for the DNA by up to twenty-fold (25) .
The RAG proteins bound with detectable sequence specificity to the V H 4-34 cRSS as determined by competition assays ( Figure 2B ). Each sample contained the combined RAG proteins with radiolabeled V H 4-34 cRSS. To each sample, increasing concentrations (5-10 nM) of unlabeled V H 4-34 cRSS duplex (lanes 2-3) or mutated 12-RSS (lanes 4-5) were added. The mutated 12-RSS duplex (referred to as MHMN 12-RSS) was identical to consensus 12-RSS, except that the heptamer and nonamer were replaced with unrelated sequences. With the higher concentration of V H 4-34 cRSS competitor, <4% of radiolabeled protein-DNA complexes were detected (Lane 1 versus Lane 3). In contrast, the MHMN 12-RSS duplex was a weaker competitor, as 19% of the radiolabeled complex remained at the higher competitor concentration (Lane 1 versus Lane 5).
The RAG Proteins Catalyze Cleavage of the V H 4-34 cRSS
We tested the ability of RAG1/RAG2 complexes to cleave the V H 4-34 cRSS substrate using an in vitro DNA cleavage assay. The RAG proteins were incubated with the consensus RSS or cRSS substrates in Mn 2+ -containing buffers and analyzed on non-denaturing polyacrylamide gels ( Figure 3 ). Under these conditions, the DNA strands remain annealed to each other, thus the appearance of smaller products demonstrated the creation of a DSB. Upon addition of both RAG proteins to the radiolabeled consensus 12-RSS duplex, a product of faster mobility was formed, presumably corresponding to the DNA hairpin product ( Figure 3A) . Similar results were observed with the V H 4-34 cRSS duplex, in that a cleavage product was produced upon addition of both RAG proteins ( Figure 3B ), demonstrating that the RAG proteins are capable of creating DSB on the cRSS substrate.
To determine where DNA cleavage occurred in the V H 4-34 cRSS substrate, the in vitro DNA cleavage assays were analyzed on denaturing polyacrylamide gels ( Figure 4 ). As expected, the reaction containing consensus 12-RSS duplex with the top strand 5'-labeled yielded the nicked product (at the expected location 5' to the heptamer) and the hairpin product ( Figure 4B , lane 4) in the presence of both RAG proteins. Moreover, when the bottom strand of the consensus 12-RSS duplex was 5' labeled, treatment with both RAG proteins produced the expected byproduct of hairpin formation ( Figure  4B , lane 8). In comparison, using the V H 4-34 cRSS duplex as substrate, the RAG proteins together mediated cleavage on the top strand ( Figure 4D , lane 4), as well as on the complementary bottom strand ( Figure 4E, lane 4) . However, the major product formed from the top strand was 21 nucleotides (nt) in length ( Figure  4D , lane 4). This fragment resulted from cleavage not 5' of the CAC, as expected, but between the A and C (at CA ↓ C). A minor cleavage product of 34 nt was evident on overexposure of the gel, which was likely due to cleavage at a second CAC sequence in the V H 4-34 cRSS duplex. On the bottom strand of the V H 4-34 cRSS duplex, two major pairs of cleavage products at 15,16 and 33,34 nt in length were produced upon incubation with both RAG proteins ( Figure 4E, lane 4) . We observed identical cleavage products on the cRSS substrate using RAG proteins (MBP-core RAG1 and GST-core RAG2) that were co-expressed in 293T cells ( Figure 4D and 4E, lanes 6), showing that the activity is independent of the expression system for RAG1. Moreover, no cleavage products from the MHMN 12-RSS substrate were observed upon incubation with RAG1 and RAG2, indicating that cleavage is specific to RSS or cRSS sequences (data not shown). Thus, the RAG proteins are able to perform double-stranded DNA cleavage on the V H 4-34 cRSS substrate, although the formation of hairpin products was not observed.
Kinetic analyses of the DNA cleavage reactions with the cRSS substrate were also inconsistent with a nick-hairpin mechanism ( Figure 5 ). In the normal nick-hairpin mechanism the top strand is nicked by the RAG1/RAG2 complex, then hairpins are formed by attack of the bottom strand by the 3' hydroxyl, thus formation of the hairpin product lags behind that of the nicked product, as observed for products from the consensus 12-RSS substrate ( Figure 5A , lanes 2-5). Likewise, the appearance of the cleavage product from the bottom strand matched that of hairpin formation ( Figure 5A, lanes 7-10) . However, with the V H 4-34 cRSS substrate, the sequential appearance of two cleavage products of n and 2n nt in length, along with formation of a corresponding product on the opposite strand, were not apparent ( Figure 5B ). Instead, cleavage on the top strand occurred within the cryptic heptamer yielding the 21 nt product with no additional products of ~42 nt formed. With the 32 P-labeled bottom strand substrate, products of 15, 16, and 33,34 nt in length, were produced, which could correspond to hairpin formation. However, significant levels of products on the top strand of ~38-39 nt in length were not observed. RAG1 and RAG2 proteins expressed separately showed similar results in the kinetics of DNA cleavage as compared to the co-expressed proteins (data not shown). However, the 15,16 nt products on the bottom strand were formed more efficiently by the co-expressed proteins.
The RAG Proteins do not Cleave the 4-34 Cryptic RSS via a Hairpin Intermediate
To further show that the RAG proteins did not efficiently catalyze hairpin formation on the V H 4-34 cRSS substrate, nicked substrates were used in the in vitro DNA cleavage assays. To test if the double-stranded cleavage of the V H 4-34 cRSS can occur via the nick-hairpin mechanism, we used the nicked V H 4-34 cRSS substrate, in which the nick occurred between bases 21 and 22 of the cRSS duplex ( Figure 6A, lane 1) . With the addition of both RAG proteins, the input substrate, along with minor levels of the 42 nt hairpin, were observed ( Figure 6A, lane 2) . The formation of the hairpin product was very inefficient and only occurred after long incubation time with the RAG proteins. In contrast, the nicked V H 4-34 cRSS substrate with the bottom strand labeled at the 5'end ( Figure 6A, lane 3) , yielded efficient formation of the 33,34 nt products after incubation with the RAG proteins ( Figure 6A, lane 4) . Significantly, the levels of the bottom strand 33,34 nt products at 30% of total DNA (lane 4) versus the 42 nt product from the 5'-labeled top strand at <2% of total DNA (lane 2) were not consistent with the same DNA cleavage event demonstrating that the 33,34 nt fragments produced from the bottom strand were not due to the hairpin formation, but rather to an independent nicking reaction. Moreover, a nicked substrate with the nick placed between bases 15 and 16 from the 5' end of the bottom strand (corresponding to the nicked product observed in Figure 4E , lanes 4 and 6) also did not yield formation of a hairpin product upon addition of the RAG proteins (data not shown).
Treatment of the nicked V H 4-34 cRSS substrate with the co-expressed RAG complex also showed robust formation of the 33,34 nt bottom strand products that were not consistent with hairpin formation, given that the hairpin product comprised >4% and the 33,34 nt products comprised 40% of the total DNA in the respective samples ( Figure 6B , lanes 2 vs. 4). As described above with the kinetic experiments, the coexpressed RAG proteins more efficiently formed the bottom strand 15,16 nt products at 40% of total DNA ( Figure 6B, lane 4) versus the separately expressed proteins at <1% of total DNA ( Figure  6A, lane 4) . Moreover, the addition of HMGB1 to the co-expressed RAG proteins did not alter the ratio of hairpin to 33,34 nt products in the hairpin formation assay (Supplemental Figure 2) . A relatively high ratio of HMGB1 to the RAG complex (~6:1 HMGB1 to RAG2) did yield a significant enhancement of the nicked products (33,34 nt) on the bottom strand, with only minute amounts of hairpin product (Supplemental Figure  2) . Thus, whereas HMGB1 has been reported to facilitate hairpin formation on canonical RSS by on February 6, 2008 www.jbc.org Downloaded from substrates (26), this is not the case with the V H 4-34 cRSS substrate.
As a control for the hairpin formation assay, the nicked consensus 12-RSS duplex with the nick placed 5' to the consensus heptamer sequence was tested ( Figure 6C ). The 16 nt coding flank on the consensus 12-RSS top strand was 5'-labeled in the assay ( Figure 6C, lane 1) . After incubation with the RAG proteins, the resulting products were separated on a denaturing polyacrylamide gel. In addition to the 16 nt coding flank, a product of 32 nt was present, consistent with hairpin formation ( Figure 6C, lane 2) . The presence of a minor product of larger size than the expected 32 nt hairpin may be due to transesterification at the 3' side of the heptamer resulting in a larger hairpin product, as has been previously observed (27) . Likewise, minor products of size less that the 32 nt hairpin may be due to hairpin nicking, previously shown to be RAG-mediated in in vitro DNA cleavage assays (28, 29) . Standard hairpin formation of the consensus 12-RSS duplex was further confirmed using the nicked consensus 12-RSS duplex with the bottom strand 5'-labeled ( Figure 6C, lane 3) . Upon addition of both RAG proteins, a 43 nt product was formed ( Figure 6C , lane 4) at levels that coincided with that of the 32 nt hairpin, consistent with the introduction of a DSB by conversion of the nick to a hairpin.
The V H 4-34 Cryptic RSS Substrate does not support the 12/23 rule
Given that cleavage on the V H 4-34 cRSS substrate seems to occur via a nick-nick mechanism rather than a coordinated nick-hairpin mechanism, we asked if the cRSS substrate could still promote double-stranded DNA cleavage on a 23-RSS in compliance with the 12/23 rule. In Mg 2+ -containing buffers, the RAG proteins efficiently nicked a radiolabeled consensus 23-RSS, but formed only minute amounts of hairpin product ( Figure 7A and 7B, lanes 2). Addition of unlabeled consensus 12-RSS substantially enhanced the formation of a hairpin product from the 23-RSS substrate, as expected for the 12/23 rule ( Figure 7A, lanes 3-5) . Hairpin formation occurred over a five-fold range of 12-RSS to 23-RSS ratios. In contrast, addition of unlabeled V H 4-34 cRSS at the same concentrations as the consensus 12-RSS not only did not enhance hairpin formation, but actually inhibited formation of the nicked product from the 23-RSS substrate ( Figure 7B, lanes 3-5) . It is apparent that the cRSS cannot functionally replace the consensus 12-RSS in a synaptic complex. Rather the results are consistent with the cRSS acting as an efficient competitor of the 23-RSS, which led to reduced nicking activity of the 23-RSS substrate as the concentration of cRSS:23-RSS approached equimolar ratios. The V H 4-34 cRSS also could not replace the 23-RSS in enhancing hairpin formation on the consensus 12-RSS (data not shown).
Sequence Determinants within the V H 4-34 Cryptic RSS Inhibit Hairpin Intermediate
We hypothesized that sequence determinants in the cRSS were prompting altered cleavage activity by the RAG proteins. To test this hypothesis, we used nicked cRSS substrates with either the cryptic heptamer or nonamer sequences replaced with the corresponding consensus RSS sequences (Figure 8) . Replacement of the cryptic nonamer with the consensus sequence restored the ability of the RAG proteins to form a DNA hairpin on this substrate ( Figure 8A and 8C ). This result demonstrates how alterations in the RSS, although distal from the cleavage site, can result in an alternative cleavage mechanism. In contrast, substituting in the consensus heptamer had no effect on the level of hairpin formation compared to the non-altered cRSS ( Figure 8A and 8C ). It may be that the consensus heptamer cannot rescue hairpin formation, since the nick in the DNA substrate is located within the heptamer rather than at the 5' side. In addition, the consensus heptamer apparently suppressed nicking on the bottom strand, as diminished levels of the 33,34 nt bottom strand products were formed from the chimeric cRSS containing consensus heptamer versus the wild type V H 4-34 cRSS ( Figure 8B and 8C) . (16), and NOD/SCID mice colonized with human cord blood mononuclear cells (17) . The DNA sequence adjacent to the breakpoint of the hybrid V H gene bears striking homology to the conventional RSS. This is particularly the case for the cRSS located 3' to CDR2 in the V H 4-34 family ( Figure 1B and Supplemental Figure 1 ). This cRSS contains both RSS-like heptamer and nonamer sequences separated by 13 base pairs, and is thus comparable to the 12-RSS. Given that the sequence of the V H 4-34 cRSS nearly qualifies as a conventional RSS, we tested the ability of the RAG proteins to cleave at this site using standard in vitro DNA cleavage assays. In summary, we found that RAG1 and RAG2 together created double-strand breaks near the 5' side of the cryptic heptamer. The RAG proteins produced DSB on the cRSS via a nicknick mechanism, in which both the top and bottom strands are nicked, rather than the standard nickhairpin mechanism that has been well characterized for the conventional RSS. The nicknick reaction occurred on the cRSS even in the presence of Mn 2+ , which in the conventional reaction allows abundant hairpin formation on a single RSS. In addition, the nick-nick mechanism was preferred even with nicked substrates, which would normally facilitate hairpin formation (30, 31) . Moreover, the cRSS did not enhance DSB formation at a 23-RSS, and thus does not adhere to the 12/23 rule. Overall, a nick-nick mechanism would have fewer restrictions than the 12/23-restricted nick-hairpin mechanism in the creation of DSB.
The RAG proteins have been found to perform multiple DNA cleavage activities. Besides creation of DSB via the nick-hairpin mechanism, these include formation of hybrid and open & shut joints (32) , as well as in vitro demonstrations of transposition (33) (34) (35) , hairpin nicking (28, 29) , and structure-dependent cleavage at singlestranded/double-stranded junctions (36, 37) . Indeed, the RAG proteins in vitro can create DSB on a final product of V(D)J recombination, the signal joint, via a nick-nick mechanism (38) . However, it is difficult to draw comparisons between the V H 4-34 cRSS substrate used in the present study and the signal joint, as the latter consists of a 12/23 RSS pair fused heptamer-toheptamer.
RAG-mediated cleavage of the V H 4-34 cRSS differs from cleavage of conventional RSS in three significant ways. First, with the cRSS substrate, nicking occurred two bases 3' to the expected site on the top strand (at CA ↓ C rather than ↓ CAC). Second, the formation of the hairpin was very inefficient, and third, nicks were produced at the GTG sequence on the complementary strand. Comparison of the V H 4-34 cRSS sequence to that of the consensus 12-RSS has yielded few clues into the difference in cleavage mechanisms on the two DNA substrates. The heptamer of the V H 4-34 cRSS (CACCATA) contains four of the seven conserved bases in the consensus heptamer (CACAGTG). Significantly, the first three bases are CAC, the most highly conserved bases in the conventional RSS. The fourth base (C-4) of the V H 4-34 cRSS heptamer is rarely observed at this position in standard intergenic RSS (39); however, a C at this position does not prevent normal V(D)J recombination reactions (40) . Strikingly, the V H 4-34 cRSS nonamer contains seven of the nine bases present in the consensus RSS nonamer. However, one of the differences is at position 5, which is G in V H 4-34 cRSS versus a highly conserved A in the consensus RSS. Despite this difference, previous studies demonstrated that mutation of the entire nonamer in a consensus 12-RSS could still be cleaved by the RAG proteins via the nick-hairpin mechanism, with only a 5-10 fold decrease in product formation (30, 31) . In addition to the heptamer and nonamer sequences, it is necessary to inspect the intervening spacer sequence, as well as that 5' to the heptamer of the V H 4-34 cRSS. The 13 base pair spacer between the heptamer and nonamer sequences of the V H 4-34 cRSS falls within the acceptable length range for a 12-RSS (12±1 base pairs). Although poorly conserved, the spacer sequences of conventional RSS have recently been found to contain sequence elements that contribute significantly to RAG-mediated cleavage activity (41, 42) . The V H 4-34 cRSS spacer did not contain sequences that would diminish RAG-mediated cleavage, or any unusual characteristics that could result in an altered cleavage mechanism. The sequence 5' to conventional RSS heptamer corresponds to the V, D, or J gene segment, and is referred to as the coding flank. Previous studies have demonstrated that the sequence of the coding flank can reduce or eliminate DSB (43) (44) (45) . However, the sequence 5' to the V H 4-34 cRSS bears greater resemblance to "good" coding flank sequences, which allow abundant hairpin formation.
Even with the similarities in sequence between V H 4-34 cRSS and the consensus 12-RSS, the RAG proteins processed the two substrates differently. The difference in nicking site at the heptamers, with nicking occurring two bases into the cRSS at CA ↓ C rather than 5' to the heptamer can be accounted for from previous reports. Extensive studies with mutated RSS substrates have shown that the consensus heptamer sequence is not critical to the nicking reaction (30, 31) . Substrates containing the conserved nonamer sequence, but no heptamer site, still yielded RAGmediated nicking ~17-19 bases 5' to the nonamer, where the heptamer would normally be positioned in a 12-RSS substrate. It is possible that with the V H 4-34 cRSS, the CACCATA heptamer may not be optimal for directing cleavage 5' to the CAC. Alternatively, the 13 base pair spacer and/or the cryptic nonamer sequence may result in misalignment of the RAG proteins relative to the CAC sequence.
The reason for the lack of hairpin formation with the V H 4-34 cRSS substrate is less apparent, especially in light of the finding that other cRSS do apparently participate in standard nick-hairpin V(D)J recombination with conventional RSS, leading to the formation of "expanded" V H -V H hybrids (13, 46) . Previous studies have indicated that the CAC sequence directly 3' to the nicked site is critical for hairpin formation (30). However, nicked V H 4-34 cRSS substrates with the nick placed at ↓ CAC were only poorly converted to hairpins by the RAG proteins (data not shown). This is consistent with the possibility that the RAG proteins are not aligned at the CAC sequence of the cryptic heptamer, as they would be in the conventional RSS.
Lastly, altered binding of the RAG proteins to the cRSS may explain how this substrate is nicked on both strands. Although the RAG proteins are positioned two bases into the cryptic heptamer, they may still induce base unpairing of the cRSS. RAG-induced base unpairing of the conventional RSS has been previously proposed based on results from RAGmediated DNA cleavage of altered substrates (30, 31) , from the occurrence of hypersensitive bands in DNA footprinting experiments (47, 48) , and from the preferential interaction of a RAG1 domain with single-stranded over double-stranded RSS (49) (50) (51) . Thus, sequence restrictions of the V H 4-34 cRSS may prevent hairpin formation, however RAG-induced base unpairing could allow nicking on the opposite strand. This would not be unexpected, given that the RAG proteins can cleave at double-stranded/single-stranded junctions with no apparent sequence specificity (36, 37) . Overall, we propose that there may be altered conformations or orientation of the RAG subunits on the V H 4-34 cRSS, which allows nicking reactions on both DNA strands to be substantially preferred over the nick-hairpin reaction.
Establishment of a nick-nick mechanism in RAG-mediated cleavage of the V H 4-34 cRSS introduces new possibilities for the formation of hybrid Ig H genes. It was previously hypothesized that V H gene replacement occurred through a hybrid joint recombination reaction (15) . In hybrid joint formation, the RAG proteins bind to both a 12-and 23-RSS in a synaptic complex, as in normal V(D)J recombination (32) . However, after RAG-mediated cleavage of both RSS via the standard nick-hairpin mechanism, hybrid joints are formed in which a blunt signal end from one RSS is joined to a hairpin-containing coding end of the partner RSS. To achieve V H gene replacement that was observed in human tonsillar B cells, such hybrid joint formation would require a synaptic complex of RAG proteins with two cRSS located on different V H genes. While synaptic complexes may occur infrequently between cRSS and a 12 or 23-RSS, the likelihood of synapsis between two V H cRSS is unlikely. Our data also show that the V H 4-34 cRSS apparently inhibits normal synaptic complex function, so a V(D)J-like recombination mechanism seems unlikely.
Here, we propose that double-stranded cleavage of the V H 4-34 cRSS via a nick-nick mechanism would allow joining to occur without the stringent requirements for synaptic complex formation. With the nick-nick mechanism, DSB on two cRSS could be brought together and repaired by NHEJ. However, NHEJ would require that DSB occur nearly simultaneously on cRSS on two different V H genes. An attractive alternative is that repair of the DSB at the cRSS could occur by homologous recombination repair (HRR), which would necessitate that only one of the cRSS be cleaved by the RAG proteins. Given the high sequence similarity among V H genes of the same family and between different families, HRR could occur between mis-selected homologous sequences of different V H genes, rather than strictly between the two alleles of the same gene. Indeed, if repair occurs after V(D)J recombination in G1 or S phase, there is no complementary allele to the rearranged V H gene. This model has several advantages over previous models invoking V(D)Jlike recombination events. Using HRR, hybrids can be formed with both upstream and downstream V H genes, since repair can be directed in trans; V(D)J recombination occurs in cis, and thus hybrids can only be formed with upstream V H genes since the downstream genes are deleted in the initial V to DJ rearrangement. Indeed, the partial V H gene replacement events observed in human tonsillar B cells showed that the donor V H gene segment could be either upstream or downstream of the target V H gene segment in the germline sequence (15) . This observation indicates that HRR, instead of NHEJ, would be the likely repair pathway that completes such receptor revision events. Moreover, there is precedent for the repair of some RAG-mediated cleavage events by the HRR pathway. It has recently been shown that RAG-mediated DNA breaks may be repaired by the HRR pathway, if the RAG-RSS complex is not an optimal interaction (52) or in which NHEJ factors are deficient (53). As we have proposed here that the RAG activity on the V H 4-34 cRSS is due to an altered interaction, access of HRR factors to the DNA ends may be allowed that would not normally occur in a complex containing conventional RSS.
Further studies are necessary to identify determinants that lead to the preference for nicknick over "normal" nick-hairpin RAG-mediated DNA cleavage. This nick-nick mechanism suggests an alternate pathway by which the RAG proteins could influence the antigen receptor repertoire, such as by mediating the receptor revision events previously reported (15, 17) . Furthermore, putative cRSS sites have been identified throughout the genome (54). Inappropriate V(D)J recombination between these cRSS and conventional RSS may lead to deleterious chromosomal translocations (55). If the RAG proteins cleave other cRSS via the nick-nick mechanism, then this would add another dimension to the oncogenic potential of RAG activity in initiating events that lead to lymphomagenesis.
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Lee were incubated with the radiolabeled substrate in each sample for the indicated time intervals. After incubation, the samples were subjected to electrophoresis on 8% denaturing polyacrylamide gels. The cleavage products are labeled as in Figure 4 . The asterisk represents a product likely due to nicking of the hairpin product 3' to the hairpin tip (28, 29) . The sequences of the standards in the left panel of A (labeled nick st and hairpin st) correspond to the expected nick and hairpin products from the consensus 12-RSS substrate. The remaining standards are labeled as in Figure 4 . o C for 1 hr the samples were subjected to electrophoresis on 10% denaturing polyacrylamide gels. In each panel the top strand 5' to the nick (lanes 1 and 2) and the bottom strand (lanes 3 and 4) were 5' labeled. The standards and cleavage products are labeled according to the nomenclature in Figure 4 . The bands labeled with asterisks in (C) indicate cleavage products resulting from production of a hairpin of larger than usual size (left panel) and its corresponding fragment on the bottom strand (right panel) as discussed in the text. Fig. 7 . Coupled cleavage assay. The RAG proteins (separately expressed) with MBP-core RAG1 at 0.05 µM and GST-core RAG2 at 0.1 µM were incubated with HMGB1 (at 0.3 µM) and 10 nM 23-RSS duplex substrate radiolabeled at the 5' end of the top strand. Each sample was incubated for 1hr at 37 o C in Mg 2+ -containing buffer. Increasing concentrations (1, 2.5, and 5nM) of unlabeled consensus 12-RSS (A) or V H 4-34 cRSS (B) duplexes were added in lanes 3-5. The sequences of the standards labeled nick st and hairpin st correspond to the expected products from the top strand 5'-radiolabeled 23-RSS duplex. The nick and hairpin cleavage products from the 23-RSS are labeled 23N and 23HP, respectively. Fig. 8 . Hairpin formation assays using variant V H 4-34 cRSS substrates. The experiment was performed as in Figure 6 . Each sample contained 1 nM nicked substrate that was 5'-radiolabeled on either the top strand (A) or the bottom strand (B) with a schematic of the substrate used shown at the top of each panel. The solid circle in the schematics represents the 32 P-label. Where indicated, the RAG proteins (separately expressed) were at concentrations of MBP-core RAG1 at 0.1 µM and GST-core RAG2 at 0.2 µM. In both A and B, lanes 1-2 contain the WT (wild type) V H 4-34 cRSS (sequence shown in Figure 4C ), lanes 3-4 contain the V H 4-34 cRSS (con-hep) substrate (cryptic heptamer replaced with the consensus heptamer sequence), and lanes 5-6 contain the V H 4-34 cRSS (con-non) substrate (cryptic nonamer replaced with the consensus nonamer sequence). An extra cleavage product from the V H 4-34 cRSS (con-non) substrate in B, which is either due to nicking or hairpin formation, is marked with an asterisk. (C) Quantitation of the relative amounts of each product shown in (A) and (B). The percentage of each cleavage product relative to the total amount of DNA in its respective sample is shown for each substrate. The heptamer and nonamer sequences of each substrate are given below the graph.
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